The effect of laser thermal processing ͑LTP͒ on implantation-induced defect evolution and transient enhanced diffusion ͑TED͒ of boron was investigated. A 270-Å-thick amorphous layer formed by 10 keV Si ϩ implantation was melted and regrown using a 20 ns ultraviolet laser pulse. Transmission electron microscopy revealed that recrystallization of the amorphous layer following LTP results in a high concentration of stacking faults and microtwins in the regrown region. Also, the end-of-range loop evolution during subsequent 750°C furnace annealing, is different in a LTP sample compared to a control sample. Secondary ion mass spectroscopy of a boron marker layer 6000 Å below the surface showed that LTP alone produced no enhanced diffusion. However, during subsequent furnace annealing, the boron layer in the LTP sample experienced just as much TED as in the control sample which was only implanted and furnace annealed. These results imply that laser melting and recrystallization of an implantation-induced amorphous layer does not measurably reduce the excess interstitials released from the end-of-range implant damage. © 1999 American Institute of Physics. ͓S0003-6951͑99͒00149-7͔
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Continued scaling of the transistor to sub-100 nm dimensions requires the formation of ultrashallow highly doped abrupt junctions for contact formation. A box-shaped, high dopant concentration profile could ideally meet such a requirement. 1 Ion implantation and conventional rapid thermal annealing inevitably lead to less than ideal Gaussian or exponential dopant profile. Also, the interaction between implantation induced point defects and dopant atoms during annealing can considerably broaden the profile shape through transient enhanced diffusion ͑TED͒. One proposed method for circumventing some of these problems is the use of laser annealing. 2 Various approaches proposed include: melting and regrowing crystalline silicon in the presence of a dopant ͑the PGILD process͒ or preamorphization of the surface by implantation followed by a dopant implant into the amorphous material and finally laser melting only the amorphous material ͓also called laser thermal processing ͑LTP͔͒.
2-4 The advantage of the second method is that lower temperatures can be used because amorphous Si melts at a temperature 300°C lower than crystalline Si. This is important because it allows thickness of the melted region to be controlled by the preamorphization.
One question that remains is does LTP have an advantage in the transient enhanced diffusion reduced from the implant. It is well known that after implantation induced amorphization of Si, there exists a highly damaged region in the crystalline material just beyond the amorphous/ crystalline interface. 5 This layer, referred to as the end-ofrange ͑EOR͒ damage region, is known to contain a large supersaturation of interstitials. During annealing these interstitials are released and flow both toward the surface and into the bulk, resulting in TED of the common dopants ͑e.g., B, As, P͒. 6 This TED has the undesirable effect of greatly enhancing the junction depth and resulting in reverse short channel effects. 7 Here we investigate whether laser melting and recrystallization of the amorphous layer during LTP reduces the interstitial flux originating from the end-of-range damage region.
A single boron-doped marker layer, with a peak concentration of 3ϫ10
18 cm 3 and a full width at half max value of 150 Å, followed by 5800 Å of undoped Si was epitaxially grown by chemical vapor deposition ͑CVD͒ on a 200 mm silicon wafer. The CVD was done in a commercial Si epitaxial system using a SiCl 2 H 2 source at 800°C. A 350 Å oxide capping layer was deposited in situ at 380°C after the CVD growth. Boron diffusion was measured by secondary ion mass spectrometry ͑SIMS͒ using 3 keV O 2 ϩ primary ion bombardment and positive secondary ion detection. Planview and cross-sectional transmission electron microscopy ͑TEM͒ samples were prepared by standard procedures. The quality of the CVD-grown epitaxial Si was characterized by annealing a marker layer sample at 750°C for 6 h.
Comparison of the as-grown and diffused B profiles yielded a value for the B diffusivity within a factor of two of the predicted equilibrium diffusivity. 8 Prior to laser thermal processing, the oxide cap on the Si was stripped using a buffered-oxide etch and the sample surface was amorphized using a 10 keV, 1ϫ10 15 cm 2 Si ϩ implant. Figure 1͑a͒ shows by cross-sectional TEM that this implant resulted in an amorphous layer approximately 270 Å deep. Following implantation, the amorphous layer was melted and recrystallized by LTP. This involved exposure of a 2 mmϫ8 mm region, to a 308 nm ultraviolet ͑UV͒ laser pulse at a power of 0.70 J/cm 2 . The pulse duration was approximately 20 ns. These conditions were chosen to confine the melt to the amorphous layer. Figures 1͑b͒ and 1͑c͒ show cross-sectional and a plan-view images, respectively, of the regrown layer after only LTP. A high density of stacking faults and microtwins can be seen after LTP. The depth of the defected layer corresponds to the thickness of the amorphous layer. It is presumed that the crystalline Si underneath the amorphous layer was not melted during rapid thermal processing ͑RTP͒, however, this cannot be confirmed. Figures 2͑a͒ and 2͑b͒ show the plan-view TEM results after LTP and furnace annealing at 750°C for times of 15 min and 6 h, respectively. A comparison of Fig. 2͑a͒ with Fig. 1 shows that annealing for 15 min significantly reduces the concentration of microtwins and stacking faults. Further annealing for between 15 min and 6 h does not have a significant effect on the defect density. Figures 2͑c͒ and 2͑d͒ show plan-view TEM images of a control sample which received the same implant and furnace anneals but no LTP step. Figure 2͑c͒ shows that ͕311͖ defects including zigzag defects 9 normally associated with such low energy implants have formed in addition to small dislocation loops. Crosssectional TEM confirmed these defects are located in the EOR region as expected. Figure 2͑d͒ shows that, upon further annealing, the ͕311͖ defects dissolve and/or unfault and only dislocation loops remain. Cross-sectional TEM showed these loops range in depth from 100 to 300 Å. From a comparison of Figs. 2͑a͒ and 2͑c͒ the LTP process appears to prevent the nucleation of ͕311͖ defects.
The SIMS profile of the boron-doping marker layer exhibited no broadening after ion implantation and laser thermal processing relative to the as-grown marker layer. Figure  3 3 . SIMS of the buried boron marker layer for three different samples after furnace annealing at 750°C for 6 h. The as-grown sample profile is shown ͑open squares͒. One sample received no implantation and no laser thermal processing ͑LTP͒ step but was annealed ͑open diamonds͒ and showed only normal boron diffusion. The third sample received an implantation step but no LTP step ͑triangles͒ prior to furnace annealing and showed an enhancement indicative of TED from the end of range damage ͑upside down triangles͒. The fourth sample received both the ion implantation ͑II͒ and LTP steps prior to furnace annealing and yet still showed enhanced diffusion indicative of TED ͑solid squares͒.
after annealing at 750°C for 6 h. One control sample was unimplanted with no laser annealing and had received only the furnace anneal. The diffusion observed relative to the unannealed spike was within a factor of two of the predicted inert diffusivity as mentioned previously. A second control sample received the implant and the furnace anneal but no laser annealing. The third sample received both the implant and the LTP step prior to furnace annealing. Both samples, which received the amorphizing implant, showed a significant enhancement relative to the unimplanted sample. The time averaged diffusivity enhancement factor ͗D B ͘/D B * of 16 was estimated using the process simulator FLOOPS 10 as described elsewhere. 11 Here D B is the observed diffusivity and D B * the equilibrium diffusivity. This value of time averaged enhancement is less than what is normally observed for TED but the annealing time was very long ͑6 h͒ and the amorphous layer was very shallow. Both factors would contribute to a smaller ͗D B ͘/D B * . Figure 3 shows that the boron diffusion associated with samples that had received both the implant and the LTP process prior to annealing is the same as that in the second control, which received the implant but no LTP. This implies that the same interstitial flux is released from the implanted region regardless of whether the sample receives a LTP anneal or not. The LTP process therefore melts and recrystallizes the amorphous layer without significantly reducing the concentration of interstitials released into the crystal. The lack of 311 defects in the TEM micrographs of Fig. 2 implies that the excess interstitials in the end-of-range region were either redistributed by the LTP step, such that the concentration supersaturation is below that needed for extended defect nucleation or there was an alternative sink. The interstitial dose in the end-of-range for the control sample is above 1 ϫ10 14 cm 2 ͑estimated from quantitative TEM of the control sample after 15 min annealing͒ and the threshold interstitial dose for ͕311͖ formation is around or below 1ϫ10 13 cm 2 .
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Thus a dilution of the interstitials by a factor of at least 10 would be needed to prevent ͕311͖ formation. This would require a significant amount of diffusion during the LTP process. Shallow junctions formed by this step show no signs of any measurable boron motion into the crystal after LTP processing ͑one of the reasons for using this method to produce shallow junctions͒. Thus it is unlikely the lack of defect formation in the EOR is the result of massive interstitial diffusion during LTP. The second alternative is that there is a competing sink for the interstitials. Given the high concentration of stacking faults and microtwins in the regrown region, it is possible that these extended defects act as a sink for the excess interstitials in the EOR. These defects do show some dissolution upon furnace annealing and thus these may act as a source of interstitials for TED. Further experimentation is needed to confirm this suggestion. Whatever the explanation, it is curious that the total TED is so similar yet the extended defect evolution is dramatically different.
In conclusion, it is clear that there are many factors that are not understood after laser thermal processing. It has been shown that laser melting and recrystallization of an implantation induced amorphous layer eliminates the formation of end of range dislocation loops. However the process can introduce very high concentrations of alternative regrowth defects. Despite the change in morphology, LTP processing does not measurably reduce the transient enhanced diffusion observed in using a buried marker layer. It is critical for process integration that the location and evolution of these excess interstitials be determined. Additional studies into the effects of changing the laser processing and annealing conditions on TED are in progress.
